Abstract The average strong-to weak-motion amplification ratios during the 1989 Loma Prieta and 1987 Whittier Narrows earthquakes in California are estimated by modeling strong ground motions at soil sites in the linear-response assumption and comparing the simulated and observed records. The linear amplification function, used to synthesize ground motions, is the generic transfer function developed for California soil. The database consists of 22 and 80 soil stations for the Loma Prieta and Whittier Narrows events, respectively. A statistically significant (at 95% confidence) reduction in amplification for the Loma Prieta event, within 40 km from the fault, is observed between approximately 1 and 3 Hz. Examining individual strongto weak-motion amplifications as a function of peak acceleration at the base of soil, within this frequency range, shows that detectable reduction in amplification occurs at accelerations above about 200 cm/sec 2 . The strong-motion amplification is reduced by a factor of 1.7-2 on average, relative to a generic weak-motion response. The results of this study suggest the magnitude of the reduction in amplification, caused by soil nonlinearity at large strain, that can be expected on average at California soil sites.
Introduction
The M 6.7, January 1994, Northridge, California, earthquake stimulated active research on the extent of nonlinear soil behavior at surrounding soil sites at high levels of strain (Field et al., 1997; Beresnev et al., 1998a,b; Field et al., 1998; Hartzell, 1998; Su et al., 1998; Cultrera et al., 1999) . This research was facilitated by the fact that a large collection of aftershock data had been obtained at many of the permanent strong-motion stations due to a rapid deployment of portable instruments after the mainshock. The Northridge aftershock database allowed calculation of site-specific weak-motion responses at the sites that also recorded strong ground motions with accelerations exceeding several hundred cm/sec 2 . As a result, accurate responses at the same soil sites to both weak and strong motions could have been compared, with implications for ground nonlinearity.
For the other large California events, conducting a similar study would generally not be possible due to a lack of weak-motion records at the stations that recorded the mainshocks. Quantifying nonlinear amplification during those events would still be an important task, providing further observational constraints on the magnitude of nonlinear site response to be accounted for in hazard calculations. A possible solution to this problem could lie in the fact that most of California permanent strong-motion stations had been assigned one of the generic soil types and that generic amplification curves had been developed for each of these classes.
The class-specific amplifications could then be substituted for site-specific responses, and one could check for consistency between amplifications based on the linearity assumption and those realistically observed during strong motions. Such an analysis will provide generic characteristics of nonlinearity, valid for the soil sites on average. This information is still of substantial interest to hazard assessment, since generic (class-specific) amplifications are typically used in developing detailed seismic-hazard maps for large urban areas (e.g., Building Seismic Safety Council, 1997; Petersen et al., 1997) . A check on nonlinearity in ground-motion amplification in California using generic, soil-class-based linear amplification functions is the goal of this study. Note that the previous studies for the Northridge event (Field et al., 1997; Beresnev et al., 1998a,b; Field et al., 1998) used sitespecific amplification functions, whose calculations had been made possible by the availability of large database of aftershock records recorded at the same locations. The Northridge earthquake was unique in this respect; for the other events, such information is not available, which necessitated the approach used in this article.
Method
In studying the characteristics of nonlinear amplification, we follow the approach taken by Beresnev et al. (1998a). In this method, the finite-fault ground-motion prediction technique is first calibrated on rock sites to achieve a zero average prediction bias. The calibrated model is then applied to simulating recorded soil motions, with the only difference that the generated base motions (rock synth) are multiplied by the linear soil amplification function (lin amp), which is taken in the form of a generic amplification curve for a given site class. The generic curves are used because the site-specific amplifications are not available (no aftershock or small-event data have been recorded at the locations of strong-motion stations). The observed response spectrum (soil rec) is then divided by the predicted one (soil synth); if this ratio, averaged over all soil stations, falls below unity in a statistical sense, then the linear amplification has overestimated the real amplification, which is assumed to have been reduced by strain-dependent damping in soil. Before averaging, each ratio is normalized by the mean prediction bias for rock sites (͗rock rec/rock synth͘) (which is close to unity), which removes the residual calibration error from soil-site simulations.
The described procedure can be represented as ͗(soil rec/soil synth)/͗rock rec/rock synth͘͘, where the angular brackets denote station averaging. Since soil synth ‫ס‬ lin amp ‫ן‬ rock synth and soil rec ‫ס‬ nonlin amp ‫ן‬ rock rec, we can rewrite this expression as 
where we have used the fact that the second factor under the large brackets oscillates around unity. The adopted procedure is thus equivalent to evaluating the average ratio of amplifications in strong and weak motions, with an estimate of its total uncertainty. The advantage of using the forwardmodeling approach for estimating the amplification ratio is that the source and path effects have already been incorporated into the calibrated rock-motion simulation model, so that equation (1) effectively isolates the average ratio of site responses. Averaging the ratio of the observed to predicted response spectra over all sites does not allow us to determine which particular soil stations primarily contributed to a possible nonlinear effect. To see whether these are the stations with the largest amplitudes of motions, which should be the case if the effect is caused by soil nonlinearity, we also plot individual ratios as a function of peak acceleration at the base of soil. This also gives us the way to estimate at which level of input motions the reduction in amplification becomes significant and serves as an independent check on whether this effect has been caused by nonlinearity and not some other factor.
The computer code FINSIM (Beresnev and Atkinson, 1998) was used in this study to generate the predicted response spectra at both rock and soil sites. The copies of all input and output files, along with a copy of the code, are freely available from the authors.
Data
We base our data selection for modeling on the response spectral database compiled by Pacific Engineering and Analysis (courtesy of W. J. Silva). Two California events-the M 6.1, October 1987, Whittier Narrows, and M 7.0, October 1989, Loma Prieta-provided the largest number of recordings at soil sites (80 and 22, respectively); these events were thus selected for the analysis. The soil sites are those assigned categories C and D on the Geomatrix site classification scale. These sites are categorized as generic soil, as opposed to the classes A and B that represent generic rock. The response spectra in the database are tabulated at frequencies equally spaced on a logarithmic scale (0.10, 0.14, 0.20, 0.28, 0.40, 0.56, 0.79, 1.12, 1.59, 2.24, 3.16, 4.47, 6.31, 8.92 , and 12.6 Hz). The observed response spectral values at these frequencies are used in the analyses, except when certain values are flagged as unreliable by the creators of the database. Figure 1 presents the linear amplification function for generic soil developed empirically from a large number of California soil profiles (Silva et al., 1997) . The transfer function was calculated relative to a generic-rock condition; this function was used in our simulations to amplify the synthetic rock motions. Tables 1-3 provide detailed information about the seismic events and soil stations that recorded strong ground motions. Most of the stations belong to class D.
Note that the use of a generic amplification curve for varying soil conditions adds to the uncertainty in modeling site-specific ground motions, since local amplification may differ from the generic curve. It should be remembered that the generic curves represent correct amplifications on aver- age. This will be reflected in an increase in the statistical measures of uncertainty determined for the estimated ratio of nonlinear to linear amplification using equation (1).
Results
Calibrated Model Atkinson (2001, 2002) recently calibrated the finite-fault simulation model, implemented in the code FINSIM, for 17 large California events; the procedure followed was similar to that of model calibration for eastern North America (Beresnev and Atkinson, 1999) . The calibrated model achieves a near-zero mean bias for modeling rock-site motions for both Loma Prieta and Whittier Narrows events with 95% confidence. These event-specific calibrated models are applied to the simulation of soil sites in this study. Figure 2 shows rock-station misfit, defined as the ratio between the observed and simulated response spectrum, for the Loma Prieta and Whittier Narrows events, as a function of distance from the fault. This checks for the distance bias in the model, which can affect the analysis of nonlinearresponse characteristics, since nonlinearity mostly occurs close to the source. The misfits are shown for a representative frequency of 1.6 Hz. Figure 2 shows a rather irregular distribution of rock-station misfits around the unity for both events, with no distinct bias in the studied distance range (up to 70 km for the Loma Prieta earthquake and 50 km for the Whittier Narrows earthquake). The soil stations (Tables  2 and 3 ) all lie within these distance ranges.
Average Strong-to Weak-Motion Amplification Ratio By dividing the observed and simulated response spectra and averaging over all soil sites, we can estimate the mean ratio of amplifications that occurred in strong and weak motions. Not all of the stations within a 70-or 50-km radius from the Loma Prieta and Whittier Narrows events, respectively, could contribute equally to a possible average nonlinear response; stations being closest to the source likely provided the maximum contribution. Our tests showed that the strong-to weak-motion amplification ratio was not statistically different from unity unless we retained the stations within a certain radius from the source, which generally recorded the highest accelerations. For the Loma Prieta event, this minimum radius was approximately 40 km. Figure 3 shows the logarithm (base 10) of the amplification ratio for the Loma Prieta earthquake, averaged over all soil sites within the 40-km radius (solid line). The dashed line shows the limit of uncertainty in the upper boundary of the ratio, based on one-tailed t distribution at the 95% confidence level. We conclude that, with 95% confidence, the mean ratio deviated below unity from approximately 1 to 3 Hz, within the specified distance range. This is the frequency range where an observable nonlinear soil response had likely occurred during the Loma Prieta event. This range is consistent with the interval of 2-4 Hz, in which a similar observable decrease in strong-motion amplification compared to that in weak motions was reported by Field et al. (1997, their figure 3) for the Northridge earthquake. Chin and Aki (1991) also noted that their predicted peak ground accelerations, based on a linearity assumption, systematically overestimated the observed values within the radius of approximately 50 km from the epicenter of the Loma Prieta earthquake. This extent of nonlinear soil response is consistent with the results of our analyses.
We were not able to identify a significant difference between the mean ratio of strong-to weak-motion amplification and unity for the Whittier Narrows earthquake within any radius from the source. To provide a plausible explanation for this result, we again note that the generic amplification function in Figure 1 is the mean value, whereas every site-specific amplification would deviate from the mean. An uncertainty in approximating the individual amplifications by the mean is implicitly included in the confidence limit shown in Figure 3 . The reason for our inability to identify the average reduction in amplification during the Whittier Narrows event could be that the effect was not sufficiently large to exceed the uncertainty level. A natural explanation for the weaker effect is also the smaller magnitude of the Whittier Narrows event. For example, the highest observed near-fault horizontal acceleration on rock reached 0.64g during the Loma Prieta mainshock, compared to 0.46g during the Whittier Narrows event.
Amplification Ratio as a Function of Peak Acceleration
We now turn to examining the ratios of strong-to weakmotion amplification at individual soil sites as a function of input acceleration level. If the average reduction in amplification seen between 1 and 3 Hz in Figure 3 is caused by nonlinear soil response, then this effect should exhibit dependence on the amplitude of input to the soil column. An existence of such dependence would confirm that the observed nonlinear response is real.
Figures 4 and 5 show individual strong-to weak-motion amplification ratios for the soil sites during the Loma Prieta and Whittier Narrows earthquakes, respectively, as a function of estimated peak horizontal acceleration at the base of soil. The estimates were obtained from the accelerograms generated by the calibrated code, with no site response applied; they were also corrected for the mean bias of rockmotion prediction at a corresponding frequency. The amplification ratios are plotted at 1.6 and 2.2 Hz, where observable nonlinear response was detected on average in Figure 3 . Despite substantial scatter in the data, caused by both the uncertainty in the estimation of peak base acceleration and in the approximation of individual weak-motion amplifications by the mean, the data define a trend toward decreasing amplification with increasing input amplitude. This effect is seen at both frequencies. Figures 4 and 5 suggest that the strong-motion amplification becomes a factor of 0.5-0.6 of that in weak motions at the highest accelerations (i.e., a factor of 1.7-2.0 in amplification reduction). The effect becomes detectable roughly beyond 200-300 cm/sec 2 in Figure  4 and 200 cm/sec 2 in Figure 5 . Both the magnitude of the amplification reduction and the acceleration range where it becomes observable are consistent with the results obtained for the Northridge earthquake. The amplification reduction by a factor of 2 was derived by Field et al. (1997, their figure  3) , Beresnev et al. (1998a, their figure 4) , and figure 10 of Su et al. (1998) (at the equivalent acceleration range). The acceleration level of 150-200 cm/sec 2 , at which nonlinearity becomes significant, was obtained by Beresnev et al. (1998a, their figure 6) .
Note that the scatter of data in both Figures 4 and 5 causes the value of amplification ratio to fall below unity even at low-acceleration levels. As mentioned previously, this scatter is caused by both uncertainties in representing the site-specific amplification functions by their generic values and in approximating the acceleration at the base of soil. Only the trend should be considered a significant feature of these data ensembles.
Discussion and Conclusions
Unlike the Northridge earthquake, the other recently recorded large seismic events in California have not generally provided a sufficient amount of weak-motion data at the sites of recorded strong motions to allow reliable comparison of site-specific amplifications at contrasting excitation levels. However, the average characteristics of amplitudedependent amplification could still be assessed based on site- Figure 4 . Individual strong-to weak-motion amplification ratios at soil sites during the Loma Prieta earthquake, as a function of estimated peak horizontal acceleration at the base of soil. Amplification ratios are shown at 1.6 and 2.2 Hz. Figure 5 . Individual strong-to weak-motion amplification ratios at soil sites during the Whittier Narrows earthquake, as a function of estimated peak horizontal acceleration at the base of soil. Amplification ratios are shown at 1.6 and 2.2 Hz. classification information and amplification curves developed for the generic soil classes. This information is still of substantial interest to hazard analysis, which often deals with only crude characterization of site conditions (e.g., Field and SCEC Phase III Working Group, 2000) .
The Loma Prieta and Whittier Narrows earthquakes are the recent events that provided the largest number of strongmotion records at soil sites (not counting the Northridge event, for which similar analyses using site-specific amplification functions were given by Beresnev et al., 1998a) . Our study estimated the strong-to weak-motion amplification factors during these events based on forward modeling of soil motions, assuming linear amplification, and comparison of the synthetics with the observed records.
The strong-to weak-motion amplification ratio, averaged over 22 soil sites for the Loma Prieta earthquake, showed a statistically significant reduction below unity in the frequency band from approximately 1 to 3 Hz. This is consistent with the result of Field et al. (1997) for the Northridge earthquake, obtained using an alternative site response-estimation technique. We were not able to identify a similar reduction in the average amplification for the Whittier Narrows event. A plausible explanation for this fact could be that significantly higher peak horizontal accelerations were developed in the epicentral area of the Loma Prieta event, causing stronger nonlinear effects. Also, the application of the generic amplification curve to a variety of site conditions increased the uncertainty in the estimation of the average amplification ratio; this may have prevented us from identifying the weaker effects during the Whittier Narrows event. The same reason may explain our inability to detect possible nonlinearity during the Loma Prieta earthquake above the frequencies of 1 to 3 Hz. For example, the studies of the differences in weak-and strong-motion am-plification during the Northridge event, which were more accurate because site-specific weak-motion responses were available, have indicated that nonlinear reduction in amplification extended to approximately 10 Hz (Beresnev et al., 1998a; Hartzell, 1998) . We were not able to reach a similar conclusion for the Loma Prieta event. It remains to be seen whether nonlinearity at California soils typically extends to high frequencies of engineering significance or is limited to lower frequencies.
Examining individual amplification ratios as a function of input acceleration level shows that they exhibit a trend, despite large variability, toward a decrease below unity with increasing peak acceleration. The effect is seen beyond approximately 200 cm/sec 2 at the frequencies of 1.6 and 2.2 Hz. Figure 5 also suggests why we may not have been able to observe the average amplification-reduction effect for the Whittier Narrows event. It shows that most of the stations supplying the data were in fact in the linear range, overweighing the sites where nonlinear effect had likely occurred. As a result, averaging out all sites provided no significant deviation from unity. The Loma Prieta data extend to about 600 cm/sec 2 , with a more uniform coverage of both low-and high-acceleration ranges, leading to an observable average nonlinear response.
From our study of generic nonlinear amplification characteristics, we conclude that nonlinearity at California soil sites during the two events was primarily manifested in the range of 1 to 3 Hz. In this frequency range, the strong-motion amplification has been reduced by a factor of 1.7-2.0 compared to linear amplification.
